Programmed cell death protein 1 (PD-1) inhibitors have efficacy in treating squamous cell carcinoma of the head and neck (SCCHN), but objective response rates are low. PD-1 ligand (PD-L1) expression alone is not considered a robust predictor of response and additional biomarkers are needed. This 3-year observational cohort followed 126 SCCHN patients treated with anti-PD-1/L1 therapy. Prior to treatment, 81 (64%) had targeted massively parallel tumor sequencing. Of these, 42 (52%) underwent fluorescence-activated cell sorting and PD-L1 immunohistochemistry for tumor immunoprofiling. Six (5%) complete responses (CRs) and 11 (9%) partial responses (PRs) were observed. Those treated with prior chemotherapy (98, 78%) versus only surgery and/or radiation had longer overall survival (OS) (10 vs. 3 months, P = 0.02). Smokers had a higher total mutational burden (TMB) (P = 0.01). Virus-positive patients had a lower TMB (P < 0.01) and improved OS (P = 0.02). Among virus-negative responders, NOTCH1 and SMARCA4 were more frequently mutated and frameshift events in tumor suppressor genes occurred more frequently (P = 0.03). Higher TMB and CD8 + T cell infiltrates predicted anti-PD-1/L1 benefit (P < 0.01, P < 0.01, respectively) among virus-negative tumors. TIM-3/LAG-3 coexpression with PD-1 was higher on T cells among nonresponders (P = 0.03 and 0.02, respectively). Somatic frameshift events in tumor suppressor genes and higher TMB among virus-negative SCCHN tumors predict anti-PD-1/L1 […] 
Introduction
Immune checkpoint ligands serve to mitigate normal immune cell signaling, and represent a well-described component of cancer immune evasion (1) . Therapies that target checkpoint receptors such as programmed cell death protein 1 (PD-1) and its ligand (PD-L1) have proven clinical benefit across multiple cancer types, including squamous cell carcinoma of the head and neck (SCCHN). Monoclonal antibodies that block PD-1 are approved for patients with advanced, platinum-refractory SCCHN, but overall response rates fail to exceed 20% in unselected patients (2) (3) (4) . While early studies suggest that patients with human papillomavirus-associated (HPV-associated) disease and those with detectable PD-L1 expression derive greater benefit (1-3), these findings alone currently do not guide patient selection.
Beyond the PD-1/L1 checkpoint axis, efforts to understand the complexities of cancer immune evasion have yielded several other important observations; tumor cells generate foreign neoantigens that can be recognized by host effector T cells (5) . Tumors with a high mutational burden may respond better to immunotherapy, resulting from a diverse genomic landscape driving neoantigen load and favoring immune recognition (6) . A T cell-rich or inflamed immunophenotype exists among certain tumors, comprising an interferon γ (IFN-γ) signature and distinct cytokine profile (7) -our own work has shown this among SCCHN tumors (8) . While these remain important preliminary observations, they do not currently inform patient selection for checkpoint inhibitor use.
Here we present a clinically annotated cohort of SCCHN patients treated with anti-PD-1/L1 therapies. Targeted massively parallel sequencing and tumor immune profiling results were analyzed to further nominate predictors of checkpoint inhibitor response.
Programmed cell death protein 1 (PD-1) inhibitors have efficacy in treating squamous cell carcinoma of the head and neck (SCCHN), but objective response rates are low. PD-1 ligand (PD-L1) expression alone is not considered a robust predictor of response and additional biomarkers are needed. This 3-year observational cohort followed 126 SCCHN patients treated with anti-PD-1/L1 therapy. Prior to treatment, 81 (64%) had targeted massively parallel tumor sequencing. Of these, 42 (52%) underwent fluorescence-activated cell sorting and PD-L1 immunohistochemistry for tumor immunoprofiling. Six (5%) complete responses (CRs) and 11 (9%) partial responses (PRs) were observed. Those treated with prior chemotherapy (98, 78%) versus only surgery and/or radiation had longer overall survival (OS) (10 vs. 3 months, P = 0.02). Smokers had a higher total mutational burden (TMB) (P = 0.01). Virus-positive patients had a lower TMB (P < 0.01) and improved OS (P = 0.02). Among virus-negative responders, NOTCH1 and SMARCA4 were more frequently mutated and frameshift events in tumor suppressor genes occurred more frequently (P = 0.03). Higher TMB and CD8 + T cell infiltrates predicted anti-PD-1/L1 benefit (P < 0.01, P < 0.01, respectively) among virus-negative tumors. TIM-3/LAG-3 coexpression with PD-1 was higher on T cells among nonresponders (P = 0.03 and 0.02, respectively). Somatic frameshift events in tumor suppressor genes and higher TMB among virus-negative SCCHN tumors predict anti-PD-1/L1 response.
Results
Clinical characteristics of the cohort. One hundred and twenty-six patients with SCCHN treated with anti-PD-1/L1 therapy at our institution were included. This cohort was composed mostly of men (104, 83%) and nearly half were never smokers (Table 1) . Oral cavity and oropharyngeal tumors (84, 66%) were the most common primary site of disease. HPV-associated disease was confirmed in 50 (40%) patients (in 50 of 63, 79% of oropharyngeal or carcinoma of unknown primary [CUP] cases). A majority of patients were treated with some combination of radiation and chemotherapy (95, 75%), but 31 (25%) received surgery and/or radiation, or chemotherapy alone for treatment of initial disease. Platinum-based chemotherapy was utilized in most cases. Most patients experienced locoregionally recurrent or persistent disease (84, 67%), and only 8 (6%) patients presented with distant disease at initial presentation.
Clinical ) and virus-negative patients (7 vs. 10, P = 0.54). The only significant clinical predictor of response was chemotherapy exposure (as part of initial treatment) prior to anti-PD-1/L1 treatment (hazard ratio [HR] 0.07; 95% CI, 0.01-0.54; P = 0.01) (Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/ jci.insight.98811DS1). Importantly, there was no difference in response outcomes between the sequenced and immunoprofiled subgroups among the cohort (12 vs. 8, P = 0.17) (Supplemental Table 2 ). The rate of disease progression among responders was 18% (3 of 17), with a median duration of response of 7.9 months (range 1-27 or more months).
Fifty-seven deaths occurred with a median overall survival (OS) of 9.0 months (95% CI, 9.7-11.4) among all patients, with a 1-year OS rate of 38.6%. Among clinical variables, multivariate analysis confirmed an increased risk of death associated with prior smoking (HR 1.57, P < 0.01) and viral tumor status (HR 1.89, P < 0.05) (Supplemental Figure 1) . HPV + /EBV + patients demonstrated improved OS compared with virus-negative patients treated with PD-1/L1 blockade (11 vs. 7 months, HR 0.58; 95% CI, 0.32-1.04; P = 0.02). Those patients treated with prior chemotherapy (with radiation or alone) compared with radiation and/or surgery alone had improved OS (10 vs. 3 months, HR 0.47; 95% CI, 0.18-1.22; P = 0.02), although more HPV + /EBV + patients received chemotherapy. Twelve (10%) patients experienced grade 3+ adverse events (using Common Terminology Criteria for Adverse Events [CTCAE]) warranting treatment discontinuation, including subacute thyroiditis (2 patients); pneumonitis (2 patients); gastrointestinal, hepatic, or pancreatic inflammation (5 patients); or acute cervical neck or facial edema within days of receiving a checkpoint inhibitor (3 patients). Seven (58%) of those with significant toxicity had evidence of SD or response.
Genomic insights to PD-1/L1 response. Eighty-one (64%) patients had targeted massively parallel sequencing (OncoPanel) data obtained prior to the initiation of PD-1/L1 blockade (Supplemental Table 3 ). We first sought to determine total mutational burden (TMB) among the genomic cohort and its impact on outcomes. Normalized TMB ranged from 1.5 to 76.0 mutations/Mb (median 7.6). TMB for the entire cohort was significantly higher among responders compared with nonresponders (median 17.7 vs. 7.1, P < 0.01) (Figure 1) . Similarly, in multivariate analysis TMB was significantly associated with improved outcomes (HR 1.94, P < 0.05) (Supplemental Figure 1) . When accounting for viral tumor status, patients We next evaluated the tumor mutational landscape based on anti-PD-1/L1 response. Nonexclusive somatic alterations in NOTCH1, TP53, KMT2D, and SMARCA4 were the most commonly reported mutations among the 12 sequenced responders (Figure 2) . When comparing the most commonly mutated genes among sequenced responders, NOTCH1 and SMARCA4 mutations were both observed significantly more frequently in comparison with sequenced nonresponders (P = 4.6 × 10 -5 and 4.7 × 10 -5 , respectively; Bonferroni-corrected P < 0.05). When we stratified the genomic cohort by viral status, both mutations were noted to occur more frequently only among HPV -/EBV -responders (P = 3.6 × 10 -5 and 8.2 × 10 -5 , respectively). When considering mechanisms of alteration, in-frame or frameshift events were more frequently observed among sequenced responders (17 of 243 vs. 33 of 868 single-nucleotide variants [SNVs] , P = 0.03), and occurred almost always in genes with known tumor suppressor function. Again, this finding was only significant among HPV -/EBV -responders when accounting for viral tumor status (P = 0.01). Supplemental Figure 2 shows the tumor mutational landscape among patients with progressive disease (PD) for comparison.
Among sequenced responders, frequent copy-number alterations included single copy-number losses in ATM, CBL, and SDHD; as well as low copy gains in ETV5, MECOM, PIK3CA, PRKCI, and SOX2 ( Figure 3 ). However, there was no difference in the fraction of the genome that was copy-number altered between responders and nonresponders (0.17 vs. 0.16, P = 0.65), regardless of viral status (virus positive: 0.15 vs. 0.17, P = 0.34, virus negative: 0.17 vs. 0.16, P = 0.51). Of interest, case 1 in Figure 2 had high copy gain and amplification of CD274/PDCD1LG2 at 9p24 (estimated copy count 38 and 62, respectively) while 6 other patients with a clinical benefit had low copy gains in this gene. Supplemental Figure 3 shows copy-number alterations among nonresponders with PD. No recurrent rearrangements were identified among responders.
We next screened for established mutational signatures (9-11) among the responders. One responder (case 9) had evidence of mismatch-repair (MMR) deficiency. Overall homopolymer insertion and deletion (indel) count -a proposed surrogate for microsatellite instability -ranged from 0 to 3.8 among the genomic cohort, and was significantly elevated among responders (P < 0.01), with the highest value occurring in case 9 (3.8 indels), as expected. We also assessed total indel count by counting all nonsynonymous, protein changing, non-SNVs per sample: responders had greater total indel (9) 32 (25) 67 (53) 10 (8) 49 (39) 4 (8) 3 (6) 14 (28) 25 (50) 4 (8) 21 (42) 2 (3) 8 (11) 18 (24) 42 (55) 6 (8) 28 ( counts (median 1.5 vs. 1, P = 0.02), but when stratifying by HPV/EBV status, these findings were only significant among HPV -/EBV -tumors (P = 0.02). Among all responders, TMB correlated with total indel count (R = 0.69, P < 0.01), but again this was only upheld for virus-negative tumors (R = 0.81, P < 0.01). One responder (case 1) had an apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC) signature, and 3 (cases 2, 4 and 12) had an ultraviolet (UV) signature. No responders exhibited a dominant smoking signature. Of the remaining responders, 3 of 7 (43%, cases 5, 7, and 8) had frameshift or in-frame deletions in at least one tumor suppressor gene (frameshift signature) without dominance of an established mutational signature.
Immune profiling insights to anti-PD-1/L1 response. Among sequenced tumors, 52% (42 of 81) of samples underwent multiparametric flow cytometry and immunohistochemical staining for PD-L1 to facilitate comprehensive immunoprofiling. Flow analysis was pursued if fresh tissue biopsy material was available prior to checkpoint inhibition. Flow data showed a median of 20% CD3 + T cells (median 371.7 absolute T cells per sample) and a median CD8 + /CD4 + ratio of 0.8. CD8 + T cell infiltrates were higher among responders (56.2% vs. 33.9% of CD3 + T cells, P < 0.01) and were an independent predictor of improved outcomes in multivariate analysis (HR 1.91, P < 0.05). They often displayed an activated (64%, CD38 + or CD69 + ) effector memory phenotype (84.4%, CD45RO + CCR7 -) (Figure 4 ). CD8 + T cell abundance remained higher among responders regardless of tumor viral status (HPV + / + T cells were similar among response groups (21.6% vs. 18.9%, P = NS) regardless of HPV/EBV status. Monocyte PD-L1 expression was higher among responders (48.1% vs. 18.7%, P < 0.01), while PD-L2 expression was similar using flow cytometric analysis. When stratifying by tumor viral status, PD-L1 + monocytes were only higher in HPV + /EBV + tumors (64.9% vs. 14.4%, P < 0.01). TIM-3 or LAG-3 coexpression with PD-1 was higher on CD8 + T cells among nonresponders (12.4% vs. 4.4%, P = 0.03; 23.1% vs. 1.2%, P = 0.02, respectively) regardless of tumor viral status.
Among the immunoprofiled cohort, 15 (36%) cases showed 50% or higher PD-L1 positivity on tumor cells using immunohistochemistry (IHC), whereas 69% (29 of 42) had 1% or higher positivity. Using the 50% or higher and 1% or higher cutoffs for PD-L1 yielded 63% and 88% of responders with PD-L1 + tumors, respectively. Significantly more responders compared with nonresponders (63% vs. 29%, P = 0.03) had PD-L1 + tumors using the 50% cutoff, and similarly a PD-L1 + tumor (using a ≥ 1% cutoff) was an independent predictor of survival (HR 2.15, P < 0.05) on multivariate analysis. All 4 patients with virus-mediated tumors among the immunoprofiled response group were PD-L1 + by IHC. Tumor IHC and infiltrating monocyte PD-L1 expression by flow correlated (R = 0.87, P < 0.01) among responders, regardless of HPV/EBV status. 
Discussion
We report our institutional experience with anti-PD-1/L1 therapy in SCCHN and show comparable response rates among evaluable patients (17 of 116, 15%) when reviewing recently published trials utilizing PD-1 blockade in advanced SCCHN (13%-18%) (2) (3) (4) 12) . Some variability in tobacco exposure, HPV status, and anti-PD-1/L1 agent among cohorts explains modest variations in objective response. While the KEYNOTE-12 trial investigating pembrolizumab in advanced SCCHN showed improved response rates in HPV-positive versus -negative patients (25%-32% vs. 14%), this has not been observed in all SCCHN trials using PD-1 blockade (2, 4). Similar to results from CHECKMATE-141 and KEYNOTE-40 using nivolumab and pembrolizumab in platinum-refractory patients, respectively (3, 13), we show a median OS of 9.0 months in anti-PD-1/L1-treated patients, and report a 1-year OS rate of 38.6%. While improved responses have been observed using salvage chemotherapy following anti-PD-1/L1 exposure in non-small cell lung cancer (14), we found platinum-based chemotherapy to be a predictor of anti-PD-1/L1 response in SCCHN. In fact, 82% of responders in our cohort received prior platinum-based therapy. Interestingly, platinum-based therapies are not often considered immunogenic chemotherapeutic agents (15) , but it may be that the addition of concurrent radiotherapy enhances their immunogenic potential (16) .
We coupled response with targeted sequencing data and show that TMB predicts checkpoint inhibitor response among virus-negative tumors -in line with observations reported in lung cancer (14) . Similarly, prior work has shown that mutational load and an IFN-γ gene expression signature appear to predict pembrolizumab response in a virus-negative SCCHN cohort (17) . While smokers and patients with virusnegative tumors had higher TMBs in our study, these clinical features alone did not predict anti-PD-1/ L1 response. In our SCCHN population, we show that patients with virus-negative tumors yielding higher TMBs (>10) had improved OS, which was expected given that TMB correlated with response. Chalmers and colleagues recently described a median of 5 mutations/Mb among SCCHN tumors and 10% of these tumors had TMB values greater than 20 (18); our results were similar, with a median of 7.6 mutations/ Mb and 13% of tumors showing TMB values greater than 20 (3 were responders). Virus-associated cancers have been shown to carry lower TMBs (19) . Some have suggested that upregulation of virus-specific genes contribute to neoantigen load driving immune checkpoint inhibitor response, rather than TMB (20) . We show similar findings in this HPV/EBV-restricted viral population, with median TMB similar between virus-positive patients regardless of response outcomes.
Somatic alterations in several genes with known tumor suppressor function were frequently observed among our virus-negative PD-1/L1 responders: notably NOTCH1 and SMARCA4. NOTCH1 alterations are not uncommon in SCCHN (estimated at 17%-19% in advanced disease) (21), but appear significantly further enriched among our nonviral responders. Frequent alterations in SMARCA4 among our virus-negative subgroup were somewhat unexpected, as they are estimated to occur in 5% of SCCHN tumors (22) . SMARCA4 encodes a catalytic subunit of SWF/SNF complexes that acts to regulate gene expression by chromatin remodeling (23) . Recent data suggest that EZH2 inhibition may be of clinical utility in cancers harboring mutations in chromatic remodeling genes (24) . Of note was the mechanism of alteration in these genes with tumor suppressor function: with many of these mutations resulting from in-frame or frameshift events. Similar to MMR deficiency, these frameshift events may lead to errors in the genomic reading frame that yield an intermediate-to-high mutational load (though this measure is not captured in current standard approaches that report TMB) and ultimately checkpoint inhibitor response. We reported overall homopolymer and total indel counts to quantify highly repetitive regions that could be a surrogate for MMR deficiency (10), which has been shown to yield more somatic alterations and greater immune recognition leading to anti-PD-1 response (25, 26) . However, among our virus-negative responders, the MMR-deficient signature was only detected in 1 patient. A UV signature and resulting high TMB was observed in 3 responders, which has also been linked to PD-1 response in cutaneous malignancies (27) . An APOBEC signature was observed in a patient with EBV-associated disease, which has been described previously (28) , and the other virus-positive responders had low to intermediate TMBs. It was surprising that among sequenced patients with a clinical benefit to anti-PD-1/L1 therapy, only 1 (case 22) demonstrated a dominant tobacco signature. Among the remaining sequenced responders, 43% had somatic frameshift or in-frame events in tumor suppressors (compared with 11 of 63, 17% of the sequenced nonresponders), but again this was significantly observed in only virus-negative tumors. We define this potentially novel mutational signature based on the frequency of frameshift events and lack of an alternative signature. Turajlic and colleagues recently reported the mutagenic potential of small indels, whereby frameshift events can lead to novel open reading frames and facilitate generation of a large array of neoantigens with immunogenic potential (29) . While renal cell cancers and melanoma had the highest indel proportion in their study of over 5,000 tumor samples, SCCHN was included and had a moderate proportion of indels. They too describe enrichment for tumor suppressor genes among those alterations characterized as frameshift.
The presence of the other commonly mutated genes among our responders (KMT2D, CKDN2A, and NOTCH2) were all observed at similar frequencies regardless of response when accounting for HPV/EBV status, similar to previously described reports characterizing the SCCHN mutational landscape (30) . Of note, JAK1 and JAK2 mutations were not associated with resistance to PD-1/L1 blockade in our cohort, as previously reported in melanoma (31) , which suggests that different alterations may define immunotherapy resistance among specific tumor types. The lack of epidermal growth factor receptor (EGFR) copy-number gains among the entire cohort was interesting, but could be explained by prior chemoradiotherapy and/or cetuximab exposure in this heavily pretreated group.
Fitting with the observation in other tumor types that a higher TMB generates greater neoantigen potential and yields an abundant T cell infiltrate (32), we report a correlation between TMB and CD8 + T cells among virus-negative responders (R = 0.91, P < 0.01). CD8 + T cell abundance in the current study was high among responders (median above 50% of all CD3 + T cells) as compared with nonresponders (P < 0.01), even among HPV + /EBV + tumors. Again, virus-specific neoantigens rather than TMB likely facilitate this T cell expansion. The dominant immunophenotype comprised an activated (CD38 + or CD69 + ) population enriched with effector memory T cells (CD45RO + CCR7 -). These cells exhibit greater effector function and secrete high levels of IFN-γ with significant cytotoxic potential (8). Ribas and colleagues have additionally shown that B cells and myeloid-derived suppressor cells are increased in PD-1 blockade responders, and corroborate our findings of an expanded CD8 + effector memory T cell population among responders (33) .
Tumor PD-L1 expression was high across our cohort (58.9% and 72% for HPV + /EBV + and negative patients, respectively), consistent with prior reports characterizing SCCHN populations (34) . We also show significantly greater tumor PD-L1 expression among responders, particularly when using a 50% IHC cutoff -in line with several recently published SCCHN trials that have shown similar results (1-3). Additionally, tumor PD-L1 positivity was a predictor of survival among our cohort. Of interest, the abundance of infiltrating monocytes expressing PD-L1 correlated with tumor PD-L1 results among our entire cohort. Some have suggested that PD-L1-expressing tumor-infiltrating myeloid cells are a stronger indicator of prognosis (35) , and thus it is fitting that this correlates with tumor PD-L1 expression and therefore response in our study population.
Another important observation was the pattern of checkpoint receptor coexpression among our nonresponders: both LAG-3 and TIM-3 were more often coexpressed with PD-1 on CD8 + T cells (P = 0.02 and 0.03, respectively). Several studies including our own have shown variable patterns of checkpoint coexpression among tumor types based on whether they demonstrate an immune-rich phenotype (8, 36) . However, work in melanoma has shown that partially exhausted or checkpoint-coexpressing CD8 + T cells maintain IFN-γ production and can be associated with anti-PD-1 response, although this was observed in CTLA-4-coexpressing T cells (37) . Although speculative, higher checkpoint receptor coexpression in our study suggests a mechanism of adaptive immune resistance, whereby inhibition of the PD-1/L1 axis facilitates upregulation of other key checkpoint moieties to promote immune evasion.
Our study has several limitations. While prospective and representative of a large cohort of SCCHN patients, individuals were treated with various single-agent anti-PD-1/L1 therapies. However, among the responders each received single-agent treatment. Some component of survivorship bias should be considered, given that included patients often progressed following first-line chemotherapy to receive anti-PD-1/L1 treatments, therefore affecting survival outcomes. However, our survival data were in line with several recently published prospective trials investigating a similar population (2-4, 12-13). Our targeted sequencing platform assesses over 400 genes and 60 intronic regions with importance in cancer, but does not capture all structural rearrangements or epigenetic events; thus, additional genomic events may be contributing to response that we cannot discern. A targeted sequencing platform can be somewhat limited in its ability to detect mutational signatures, and whole-genome sequencing might shed more light on these genomic patterns; additionally, matched peripheral blood controls were not available. We acknowledge the low number of responders with available fresh tissue for flow cytometric analysis, particularly since it limits the power of statistical comparison when stratifying tumors by viral status. Nonetheless, we show that virus-negative SCCHN anti-PD-1/ L1 responders often harbor in-frame or frameshift alterations arising among specific tumor suppressor genes.
These responders have a greater TMB and neoantigen potential thought to drive effector T cell response to overcome tumor immune evasion via the PD-1/L1 axis when exposed to anti-PD-1/L1 therapy, suggesting an important mutational signature predictive of response in some patients. While further validation is warranted, these observations provide potentially novel insights regarding the genomic determinants of immunotherapy response in SCCHN.
Methods
Study participants and cohorts. One-hundred and twenty-six patients with biopsy-proven SCCHN who received anti-PD-1/L1 treatment at our institution from June 2014 to August 2017 were identified prospectively following institutional review board approval. SCCHN arising at all mucosal subsites regardless of viral status, cutaneous SCCHN and CUP of the head and neck were also included. Of these, 81 patients had fresh or archival tumor material available for targeted sequencing prior to receiving anti-PD-1/L1 treatment. Of the 81 patients sequenced, 42 consented prior to biopsy confirmation of recurrent, metastatic disease to facilitate fresh tumor sample acquisition for flow cytometric analysis. These 42 patients also had IHC performed on formalin-fixed, paraffin-embedded (FFPE) tumor samples to determine tumor PD-L1 status. Patient demographics, clinicopathologic features, and treatment outcomes were recorded. HPV status was reported if assessed (testing is standard for all oropharyngeal cancers and CUP of the head and neck at our institution) using p16 immunoreactivity, followed by confirmatory polymerase chain reaction (PCR) testing. EBVencoded RNA (EBER) IHC was used to confirm EBV positivity in all nasopharyngeal carcinomas included.
Treatment efficacy and outcomes. We defined responders as those participants with radiologic evidence of disease improvement following anti-PD-1/L1 exposure. Responders included patients with tumor target lesions that met RECIST 1.1 criteria for a CR (>99% reduction in the target lesions) or a PR (≥30% reduction in target lesions). Nonresponders were defined as those patients with tumor target lesions that met criteria for progressive (≥20% increase in the target lesions) or stable disease (not fitting either a PR or PD category). Patients were labeled unevaluable if no initial restaging imaging was available for review at the time of analysis. Efficacy was reported as the best overall response to treatment using the RECIST 1.1 categories determined from investigator-reported data. OS was determined from the date of initiation of PD-1/L1 therapy to death from any cause, otherwise this was censored at date of last follow-up. The clinical benefit rate (CBR = CR + PR + SD) was assessed by accounting for best overall response as evaluated by radiologic imaging at least 3 weeks after initial PD-1/L1 therapy dosing. Duration of response was defined as time from documentation of tumor response to disease progression.
Targeted massively parallel sequencing. All sequenced patients separately consented to our institutional Cancer Research Study (38) . Of the 81 tumor samples available for sequencing, 34 (42%) were obtained from a site of locoregionally recurrent or persistent disease (24 fresh tissue samples, 10 archival), whereas 25 (31%) were obtained from metastatic sites (18 fresh, 7 archival). The remaining samples (22, 27%) were archival material from the initial primary tumor. Testing was performed in a CLIA-certified laboratory. For FFPE and fresh-frozen tumors, hematoxylin-eosin-stained slides were prepared and reviewed by a pathologist to identify areas of greater than 20% tumor for molecular analysis. DNA was isolated using standard extraction methods with a commercial kit (Qiagen) and quantified using Qubit dsDNA detection (Invitrogen). Between 50 and 200 ng tumor DNA was ultrasonically fragmented (Covaris), size-selected, and quantified. Dual-indexed sequencing libraries were prepared from 50 ng fragmented DNA using KAPA HTP library preparation kits (Roche). Libraries were prepared from equimolar amounts of samples and hybridized to OncoPanel, a custom biotinylated RNA bait set (Agilent SureSelect) targeting the full coding regions of 300 genes plus selected intronic regions of 35 genes (OncoPanel version 2; ref. 39); or targeting 447 genes and selected intronic regions of 60 genes (OncoPanel version 3) (genes and introns included in the most updated Oncopanel version 3 are shown in Supplemental Table 4 ). Dyna MyOne Streptavidin T1 magnetic beads (Invitrogen) were added to capture biotinylated baits and captured libraries. An external magnetic field was then applied and the supernatant containing unbound DNA was discarded. After several washes, the captured libraries were PCR-enriched for 10 cycles using adapter-specific primers, size-selected, and prepared for sequencing. Sequencing was performed using an Illumina HiSeq 2500 with 2 × 100 paired-end reads.
Sequencing was performed to an attempted coverage of 300× per sample. For the cases in this study, the mean coverage was 318× unique, high-quality, mapped reads per sample (range 80× to 640×; 50× minimum required to pass). Samples with a mean target coverage of less than 50× were failed and excluded from further analysis. The mean percentage target bases greater than 30× was 98.46% (range 91.5%-99.6%).
The raw genomic data (vcf files) are included in a publically available database as per our institution's involvement in AACR Project GENIE. Users can access the data directly via cbioportal (http://www. cbioportal.org/genie), or download the data directly from Sage Bionetworks (https://www.synapse.org).
Data were analyzed by an internally developed bioinformatics pipeline composed of reconfigured publically available tools and internally developed algorithms (RobustCNV, Anotate&Phase, BreaKmer; ref. 40) as described previously (38, 39) . Briefly, pooled sample reads were deconvoluted and sorted using the Picard tools. Reads were aligned to the reference sequence b37 edition from the Human Genome Reference Consortium, using BWA. Duplicate reads were identified and removed using Picard (version 1.13.0). The alignments were further refined using the Genome Analysis Toolkit (GATK, version 3.3.0) for localized realignment around indel sites and recalibration of the quality scores. Mutation analysis for SNVs was performed using MuTect v. 1 0.27200 and annotated by Variant Effect Predictor (VEP) v79. Insertions and deletions were called using SomaticIndelDetector (v1.65). Paired germline samples were not sequenced: for each sequencing run, non-neoplastic FFPE blood samples were included as matched controls if available. Variants identified in these control samples due to sequencing artifacts were filtered. Because tumor tissues were tested without a paired normal from individual patients, additional informatics steps were taken to identify common single nucleotide polymorphisms (SNPs): any SNP present at greater than 0.1% in Exome Variant Server, NHLBI GO Exome Sequencing Project (ESP) (URL: http://evs.gs.washington.edu/EVS/ accessed May 30, 2013) or present in dbSNP was filtered; however, variants also present at least twice in COSMIC were rescued for manual review. For copy number analysis, a custom internal R-based tool (RobustCNV) was used to calculate the fractional coverage of specified genomic intervals compared with the median fractional coverage obtained in a panel of 152 FFPE non-neoplastic samples. Structural variant analysis was performed using BreaKmer (40) followed by review of reads in integrative genomics viewer (IGV).
Technical validation experiments were performed to determine precision, accuracy, sensitivity, specificity, and limit of detection, using samples that had existing genomic characterization using an orthogonal clinical test (e.g., OncoMap, pyrosequencing, Sanger sequencing, PCR/electrophoresis, real-time PCR, aCGH array, karyotype or FISH). One hundred twenty samples with known somatic mutations, indels, copy number alterations, and/or rearrangements were selected. Assay validation has been described previously (39); in summary, sensitivity and specificity for SNVs was 97.8% (95% CI: 86.5%-99.9%) and 100% (95% CI: 99.9%-100%), respectively; for indels the test was 97.7% sensitive (95% CI: 86.5%-99.9%) and 100% specific (95% CI: 99.9%-100%). For copy number changes the assay was 93% sensitive (95% CI: 87.1%-96.4%) and 97.6% specific (95% CI: 96.1%-98.5%). For rearrangement detection, OncoPanel was 74% sensitive (95% CI: 53.4%-88.1%) and 100% specific (95% CI: 69.9%-100%).
TMB was calculated by determining the number of nonsynonymous somatic mutations that occur per megabase of exonic sequence data across all genes on the panel.
MMR pathway status was evaluated by determining the number of small insertion/deletion events that occur in homopolymer regions within exonic sequence data across all genes on the panel, using an extension of a method previously developed in our laboratory (10) . Tumors with an elevated number of such events are classified as MMR deficient, while tumors with a low burden of such events are classified as MMR proficient. The sensitivity and specificity of this approach, using 337 tumors with known (IHC or PCR) MMR status as reference, is 97.9% and 98.0%, respectively. For tumors with 16 or more mutations, additional mutational signature (Hancock) analysis is performed based upon the pattern of nucleotide substitutions. Mutational signatures that can be detected using this approach include those associated with DNA damage due to ultraviolet light (UVA) exposure, tobacco smoke exposure, prior treatment with alkylating agents (including temozolomide), impaired POLE DNA polymerase function, and APOBEC enzyme dysregulation. Hancock is based on previously published signatures derived from whole-exome sequencing data (9) and was refined by training on targeted exome sequencing data (11) . The reported mutational patterns reflect those observed in vitro following exposure to relevant mutagens. The presence of these signatures was further validated against clinicopathologic features in 738 OncoPanel samples including (a) origin at a sun-exposed site, (b) smoking history, (c) prior treatment with temozolomide, (d) concurrent POLE hotspot mutation, or (e) MMR deficiency as detected by OncoPanel. Mutational signatures used in this study had sensitivity ranges from 58%-82% and specificity ranges from 80% to greater than 99% relative to matched clinical features. Signatures are interpreted by a pathologist as an observed pattern consistent with the appropriate pathologic mechanism, rather than a definitive assertion.
Tumor immune profiling. At the time of biopsy or surgical resection, fresh tissue samples from an available subset of patients were placed in RPMI-1640 with 10% fetal bovine serum (FBS). Tumor was then confirmed by hematoxylin and eosin staining. A non-fixed cell suspension was prepared for staining with fluorescently conjugated antibody cocktails, as previously described (41) . Single-cell suspensions were stained using mouse anti-human surface antibodies against an array of cluster differentiation (CD) and immune checkpoint receptors or ligands to comprehensively characterize tumor immune cell phenotype (8) . Cells were fixed and analyzed within 24 hours on a BD Fortessa cell analyzer with FACSDiva software v8.0.1 (BD Biosciences) and analyzed using FlowJo software v10.
IHC using a rabbit anti-PD-L1 monoclonal antibody (PD-L1 rabbit mAb 13684, Cell Signaling Technology, Inc.
[CST]) was performed on 4-μm-thick sections of FFPE tissue blocks using standard antigen retrieval methods (CC1 buffer, pH 8.0, 950-124, Ventana). Slide sections were prepared and exposed to anti-PD-L1 (CST) at 1:200 for 40 minutes at room temperature. PowerVision Poly-AP Anti-Rabbit IgG (Leica) with Permanent Red was used for antibody detection. Expression of PD-L1 on tumor cells was scored positive if 1 or higher or 50% or higher based on membranous staining intensity.
Statistics. Pearson's χ 2 test was used to compare categorical data for the likelihood of observed differences with regards to clinical response based on HPV status, and the presence of individual mutations among response groups. Binary logistic regression analysis was performed to assess clinical predictors of response. Multivariate analysis utilized the Cox proportional hazards model (only if n ≥ 15 patients were available in each subgroup) and proportional hazards assumption testing was verified. A Mann-Whitney test to compare ranks (or Kruskal-Wallis test or 1-way ANOVA on ranks for multiple comparisons) was used to analyze continuous genomic data among subgroups. Spearman's ρ was used to evaluate correlation. All statistical tests used a significance cutoff of less than 0.05 and were 2-sided. Bonferroni's correction, (α = [0.05/k]), was applied to adjust the α value, accounting for multiple testing among the genomic subgroups. Kaplan-Meier statistics were applied using log-rank testing to evaluate outcome data. Data were analyzed using Stata/IC (version 14.2).
Study approval. Written informed consent for existing institutional review board-approved protocols was received from all participants prior to inclusion in the study.
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